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SUMMARY 


Objective: An investigation of the effects of charging lesd-scid 


storage cells with a pulsating direct current. 


General Methods: A charging circuit was designed and constructed te 
permit charging = battery of three 24—ampere-hour cells with a pul- 
sating direct current, carefully regulated and metered at 2,4 amperes 
average valus, at a frequency variable from 0.2 to 400 cycles per 
second, The battery was repeatedly ocycled under similar conditions 
except for frequency of ths finishing rate charging current, which 
was varied from 0,5 to 400 cycles, Control charges, with a steady, 
non-pulsating current, ware also conducted, The gas generation, ampers- 
hou! efficiency, aad watt.hour efficiency were determined for each charge, 
and an attempt wae made to correlate these with frequency. 

| 
Findings: The investigators demonstrated qualitatively that charging 
a battery with pulsating current improved performance, For Willard 
IR-2l.2 cells, the best results were observed at a frequency of about 
0,5 to 1.0 cycles per second, Further tests, employing statistical 
methods, are necessary to find the reason for this improvement and to 


determine quantitatively its magnitude, 
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CHAPTER I 


PREVIOUS INVESTIGATIONS 


An investigation of the effects of a pulsating battery-charging current 
leads the experimenter into almost virgin territory. The pioneer in the 
fielä in F, Dacos of the University of Lie, who supmarized his findings 
in the Revue Universelle des Mined. [31 His experiments compared በመ 
erator charging of lead-acid cells to rectifier charging, (In a letter to 
the investigators Dacos stated that he used a 50 cycle per second current 
and an unfiltered, full-wave dry rectifier.) He concluded that charging 
with a palsating current produced "remarkably better" performance than 
charging with a steady current, In particular, pulsing the current caused: 

(1) Higher efficiencies, both watt-hour and ampere-hour; 

(2) Decreased gassing (by an average of 18% in 100 tests); 

(3) Higher mean voltage on discharge; 

(4) Decreased "shedding" of active material; and 

(5) Increased cell life (dy WE in a 02 longevity test). 

(6) Decreased consumplron of wate 
Dacos fcund the shape of the current pulses to be relatively unimportant. 
Eis brief, qualitative sxplanation of these phenomena will be discussed 
later in this paper. 

The literature revealed no other reference to battery performance as 
affected by pulsating charging current, even in Yinal's mthoritative 
Storage Batteries [32], Vinal's discussion of the physical chemistry of 
the lead-acid cell, however, suggests on attack on an explenation of these 


results and will bo discussed below, 
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G, W, Jernstedt, of the Vestinghouse Electric Corporation, investi. 
gated and p&tented an electroplating process in which the plating current 
is periodically reversed, In the Wentinshouse Engineer [17] he described 
the oirouits and apparatus used, and gave a qualitative theory explaining 
the improved plating produced by this method, Neither thie article, kow- 
ever, nor any of the cther references to periodic-reversal, or "PR" plate 
ing (see Bibliography) suggested en explanation for the effects of pul- 
sating charging on storage batteries, 

Guided by these references and some experiance with submarine stor- 
age batteries, the investigators decifed to conduct an experiment in which 
& lead-acid battery would be repeatedly cycled, the finishing-rate current 
being pulsed at different freqmencies, Steady current control charges were 
to be mais for comparison, It was hoped to discover whether bensfits simi- 
lar to Dacos’! could de obtained if the charging current vere pulsed at a 
frequency on the order of 1 or 2 cycles per second, Varying the field of 
a conventional submarine main generator, perhaps by a commercial PR electro- 
plating control, could produce such a current, while & higher frequency on 
the order of 50 cycles would be difficult to obtain, While the improved 
performance achiered by Dacos would be valueble in any battery, 1% would 
be exceptionally desirable in a submarine battery where high performance 
and minimum gassing are essential, Since the experisentel setup could 
be adapted for higher frequenoy work, the frequency range was extended 


from 0.5 te lOO cycles per second, 
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CHAPTER II 
PROCEDURE 


The first step in a study of puleating-current charging, the investi. 
gators decided, should be to determine the effects on cell performance 
rather than to study electro-chemical phenomena, Several motives prompted 
this decision: 

(1) Unless improved performance were found to exist, there would be 
little inesntive to study the elestro-chemical reactions involved, 

(2) The background of the investigators was electrical rather than 
chemioal, 

(3) Availsble laboratory facilities lont themselves better to neasur- 
ing and controlling electrical rather than chemical variables, 

Xt was therefore decided te study the variation with pulse repetition Tre- 
quency of the following indices of coll performance: 

(1) Ampere-howra per charge, and ampere-hour efficiency; 

(2) Vatt-hours per charge, and watt-hour efficiency: 

(3) Gas generation per charge, per watt-hour, end per smpere-hour; and 

(4) Duration of charge, 

The general scheme was to connect several cells in series anà repeat- 
edly cycle the battery. Since variations in ambient temperature vere small, 
temperature was left uncontrolled with the thought that its effect could be 
neglected, Otherwise sil cycles ware as nearly identical as possible ex- 
cept that the current during the finishing rate of each charge was pulsed 


at a different frequency, Average current was kept the same for each charge, 
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Thus any variation in performance among the cycles should have been due only 
te the variation in frequency, 

A program of experimental work was laid out to determine these date, 

It later turned cut to be too ambitious for the time available, and only 
porte a, bd, c, and d were completed, The schedule, with the appreximate 
times of laboratory and shop work required, wes: 

e. Design, construct, and test the experimental setup (20 weeks), 

b. Cycle the battery at frequencies of 0,5, 1, 3, 7.8, 20, bo, 
100, and 400 cycles, Use square pulses at low frequencies, helf wave røc- 
tification at higher frequencies, (4 weeks) 

c. Cycle the battery several times with steedy current charging 
for å comparison with step b, (2 weeks) 

d. Investigate reproducibility of results of steps b snd o, (1 week) 

e, If step d revenls low و‎ repeat steps b and e 
often enough to obtain an accurate mean for each fremency, A statistical 
analysis of the results of steps b and e will be required to determine how 
many additional runs at each frequency sre required, 

f. Repeat these steps for different wave shapes including full 
wave rectification and pulsed field excitation, 

The experiments] setup was designed along the lines of Figure 1, which 
shows a simplified bleck diagram of the equipment, In general, the battery 
was discharged for a predetermined number of ampere-hours, then fully 
charged, The charge was considered to be completed when cell voltage ceased 
to rise, The gas generated in sach cell during the finishing rate was col- 


lected and messured, Cell current end voltages were recorded, Electrolyte 
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temperature was measured but not regalated, 

fo regulate and measure these simple data (voltage, current, gas 
volume, and temperature) required a more complicated arrangement than 
originally anticipated. Like Topsy it “just growed", until sometimes 
ten pieces of relatively large rotating machinery had to be ran simil- 
taneously. The details of the setup are given at length in Appendix A, 
Ag the experiment proceeded, some improvements were made, and Some were 
noted but could not be effected, In particular, the substitution of re- 
cording instruments for indicating instraments would hare simplified both 
the regulating ani data~taking problems, This and other improvements ers 
more fully disoussed in Chapter Y, 

It was decided to use three Willard Type 385-20-2 celle for the ex- 
periment, This cell is à small, plastic-encased, non-spill type having 
& nominal capasity of 24 ampere-hours with e specific gravity of 1,280, 
The manufacturer's performance curves are shown in Figure 2 and the 
Bureau of Ships drawing in Figure 3, A email call with a low charging 
current wee necessary if square current pulses were to ba produced by 
relaying, A small cell also would generate a relatively small volume 
of gas and minimize the problem of gas collection and metering and the 
hasard from hydrogen-oxygen explesions, While realising that this cell 
is a far cry from the 5000 ampere-hour submarine cell in which they wore 
primarily interested, the investigators considered that both cells would 
reret similarly to pulsating-current charges, The reactions ere the same 


in each cell, and the voltage, specific gravity, and plate-current density 
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are similar, Furthermore thers was no available squipment for eyeling a 
cell of very large zapacity, 

The cells were obtained in the charged and dry condition, with the 
6911 openings sealed, All sells were filled with 365 milliliters of 
reagent grads sulfuric acid of 1,280 specific gravity. After charging 
fer 24 hours, as recommended by the namufacturer, the cells were cycled 
ቫ times, Discharges were at 15 umperen for US minutes, or 12 anpors- 
hours, Charges used two steps of constant current with & starting rate 
ef 6 amperes ani # finishing rate of 2,4 amperes. Current wae lowered 
to tbe finishing rate when any cell reached the gassing voltage deter- 
mined from the Texpsrature-VYoltage-Gassing curve shown in figure 4. By 
the fourth prelininary cycle, cell voltages at end of discharge and at 
end of charges were substantially constant, and it was considered that no 
appreciable chenge of cell characteristics would occur with further cy- 
cling. 

To be able to fill a hyürometer barrel, it was necessary to keep the 
electrolyta level about eng centimeter above the level line on the cell 
Jar, The gravity of this upper layer of electrolyte changed very slowly, 
dropping only ten or twenty pointe during a one-hour discharges., Since 
gravity readings were not significant, the filling piugs were inserted 
and sealed with wax after the fourth preliminary cycle, No more nun. 
ties were taken until the completion. of the experiment, when they were 
again read, and found to have dropped about 10 points, This small change 


was aseumed to have negligible effect, Hydrometer readings were corrected 
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FIGURE 6, CHARGING CURR PT PULS" SHAPES 
Notes 1. Scales differ among the traces. 
>, In each case mean current is «©.4 amperes. 
3, Traces below 10 cycles per second by Brush recorder; above 
10 cycles by cathode ray oscillograph. 
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te 8037/8087 by the curves of Figure 5, 

The current pulsa shape ves chosen at å EMANTA WATS of equal ea and 
eff pericds for frequsncios below 10 cyales per second, For higher fre. 
quencies e bhsif sine wave wae used, In both esses the asan vaine was 2,5 
emperes, Figure & shows the current wave shapes actually used, In some 
cases, on and eff tines were not precisely equal; in others, glot RENON- 
igs were prominent, In every case the average value wis measured to ba 
2.4 amperes, Alihovgh thu same palee shape, either halfosine or equare, 
would haye besen desirable for the entire framsasy range, pructienl dif. 
flealties pravanted 1% It preved impractical te operate a relay or 
ewitch faster than about § cyeles par second, When oveileble ai teraaters 
were ran et apeods lover than that cerresponding to about 15 syclee per 
second, it was impossible to generate sufficient voltage, Dacos 3 DÉEN 
17 | stated that 

eoreful trials, made with differsat forms of rectified alternating 

eurrent, showed & very light surviemsntary benefit in gaa evolution 

when one used 3rd harmonic current, 
It wae gexseyvasantly assumed that the square wave and the half sine wave 
would wredace ciniler results, The "atsady? currant actually had a emali 
slet råpple, but it wae believed that the ripple produced no appreciable 
difference from a truly constent direct currant, 

After the fourth preliminary oycle the test cyclee vere begun, 
Stenáy and pulsed ruas waere conducted in a rendom order to counterset 
any effect of progressive changes in the battery with oyaling, The test 
eyclea followed the same procedure ss the preliminary cycles, The cells 
vere disshargal for 48 nimtes at 15 amperes, then put on charge et 6 
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amperes steady current. When the gassing voltage was reached on any cell, 
the current was dropped to 2,4 amperes and gas collection was begun, The 
finishing rate current was pulsed or steady depending on whether the run 
was 2 test run or a control run, The gas was collected, individually for 
each cell, over water, and kept at atmospheric pressure by & leveling 
bulb. Ne attempt was made, nor wae it practicable, to separate the hydro- 
gen and oxygen formed at the negative and positive plates respectively, 
The gae collected was therefore & saturated mixture of hydrogen and oxygen 
plus the air initially in the collection apparatus. Difficulty with gas 
leakage was overcons by sealing the filling caps with wax, 

During discharges, voltage readings were recorded &t 6 minute inter- 
vals, During charge, voltage readings were taken at 12 minute intervals 
until the charge wae almost completed, The temperature correction to voit- 


age, 1.1 x a 


volts per degrse F., was neglected, For the last hour or 

80, readings of voltage and gas level were taken at 6 mimte intervals, 

Gas volume was corrected for temperature but not for pressure, As explain- 

ed in Appendix 4, the current pulsations were stopped during voltage read- 
ings at the lower frequencies and the current maintained at 2.4 amperes steady 
until the soll voltages were read, Although this procedure masked somewhat 
the changes in performance due to pulsing, it was accepted as a necessary 

evil, 51806 cessation of voltage rise was the criterion for determining 

the end of the charge, it was essential to mensure voltage sccurately, A 


ballistic galvanometer could have been used to read the average of the 


pulsating voltage, but it would have added complications, especially in 
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maintaining sesurnte ealidration, 18 any event, the date could be correet- 
es for the amount of time when the eurrent wae steady inetead of planting, 
An oråfnsry &'Arvonval movement voltmster was therefore nesd for all charges, 
Fart b of the program was considered completed efter rane at 0,5, 1, 
3, 7.8, 26, 40, 100, and 400 «76395 وج‎ second, and part c after ۲ steady 
current control runs, Ae discussed in Chapter IIT, 1% wes difficult te 
repreduse sesulte in the centre] rune, To discover whether the leck of 
reproducibility wae ceneed by faulty experimental techniques e was ino 
herent in seil psríoremmes, Ue investigators commenced part d of the pro- 
gran, Fives cycles were ran under nearly identical conditions, except that 
sleetvelyte temperatura vas allowed te vary over a small range, Bach cycle 
66:3935184 67 & disehurge at 15 amperes for 10 minutos plus a charge at 
2.4 ampares steady eurrent until voltage ceased to rist, Gas was collect- 
ed as befera, Aithough even a cursory study of the resulta showed tha de. 
«irebilityr of more runs, lask of tims forced a stop to experimental work, 
The analysis of reenlts and writing of the repert were then undertaken, 
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CHAPTER 1 


FINDINGS 


The experiuent proved several points conclusively and gave somewhat 
lees conclusive answers to several other questions, An incidental Como 
clusion was that the manafacturer overestimated the csll discharsze capac. 
ity at the 15 ampere rate, According to the carves of Pigare 2, the eslle 
should deliver 15 amperes for 71 mimntes at S0°F,, for 65 minutes at 70°F., 
or for 60 minutes at GO9F,, before cell voltegs reached the minimam allow- 
able of 1.65 volts, On ene occasion, the cells reached a voltage of 1,62 
by the end of a 48 minute discharge at 15 amperes, On another occasion, 
when the cells were discharged to the low voltage level, they delivered 
only 80% of rated capacity, The usual voltage at the end of LE minutes 
wae 1.6, dropping rapidly, Although the discharges were always terminated 
after 48 minutes, it was exceedingly doubtful whether the cells would have 
discharged for 17 nore minutes without reaching 1.65 volts, A similar con- 
clusion was renchod by the Mare Island Wawel Shipyard Industrial Laboratory 
(8) in tests of 12 similar cells. (They were of tho same Navy stock number, 
but manufacturer not specified, ) The laboratory found an average ampere- 
hour efficiency of 94% at the 15 ampere rate, although performance at the 
5 minute and 10 hour rates was excellent, 

A second conclusion was that fluctuation in cell voltage, when the 
battery was charged with a pulsating current, decreased as the frequency 
increased, Yoltage ripple, defined as the ratio between voltage fluc~ 


tuation and mean voltage, decreased from „128 at 0.2 cycles per second 
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becoming roughly asymptotic te .025 at frequencies abova 2 cycles per 


second, The sctual values are shown in Figures 7 and 8, 


Frequency Ripple Current Shape Source of Date 
0,2 0,124 square Brush recorder 
0.5 0,090 de. do, 
1,0 0.053 do, do, 
3.0 0.025 do. do, 
7.8 0.02% do, Oscilloscope with voltage calib. 
ከ0 0,013 half sine Oselllogreph photo 
0 0.017 do, do. 
100 0,027 do, Oseilloscope with voltaze calip, 
400 0.024 45, do, 
"Steady" 0.002 ripple do, 


Figure $, Voltage Ripple 

Shapes of tho cell voltages and voltage flueturtions are shom in Figure 9, 
while current shapes are shown in Figure 6 above, Ripple was substantial 
ly the samo for both carrent shaper at freonencies above 3 sycles, although 
the shape of the fluctuation was different, The smali, 540 cycla current 
ripple predused an almost negligible voltage ۰ 

A third conclusion is that storage cell performance is net reproduc- 
ible under ordinary laboratory conditions, Tests run under vary similar, 
if not identicsl, conditions produced varying results. The investigators 
were unable to correlate indices of performance with any variable, They 
were forced to conclude that the indices obtained in this experiment were 
distributed according to an unknown frequency distribution, The experi- 
mentally observed means of these indices cannot be said to equal the true 
indices, It is possible, however, under certain not unreasonable assump- 
tions, to state a range within which, at a high confidence level, each 


true index should lie, These confidence limite are shown on the curves 
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FIGURE 9. VOLTAGE WAVE SHAPES 
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of Figara 10, Since the statistical analysis is rather lengthy it is dig- 
969894 in detail in the following chapter rather than here, 

& surprising fect was noted when the volume of gas per ampers-hour 
during the surcharges was compared with that predicted by Faraday's Law, 
Daring the surcharge (portion of charge after voltage csases to rise) all 
the charge sent through the cell is transmitted by electrolysis of the 
water of the electrolyte, Since all the PbS0, has been transformed into 
Pb and Ehe, there is no other mechanism for current flow, One then ex- 
pecta to generate one equivalent of gas at each electrode for every fara. 
day of electricity sent through the cell, If the hydrogen and oxygen were 
collected together, one would expeet to collect about 715 cubic centimeters 
of the saturated mixturs at 27%. for every eupere-hour of charge, For all 
frequencies, however, the volume of gas collected was about HH cubic centi- 
meters per aupere-hour, 62% of the expected value, (51 66ቲጅ665፻83 818 would 
say that the current efficiency was 62%.) Figure 11 shows tho valuas of 
gas per ampere-heur, The only sxplanation is that some of the hydrogen 
and oxygen heva recombined inte water before sacaping fron the electro- 
lyte. “he investigators then consluded that soma of the gua prodaced prior 
to the surcharge mst alse recombine rather than escape. The volume of gas 
collected vas then a function of two phenomena: 

(1) during the gaseing before completion of the charge, part of the 
current desulfated the plates and the rest electrolyzed tha water of the 
electrolyte, 


(2) part of the electrelytically predacad hydrogen and oxygen recom 


=ጻኔ #2 #2 مفقسد نمسوان‎ 8:2 vie: Log :الا خن‎ adi scht OS crm! to 
nn water mis Banker wi لم‎ Shades of bowewe 

THOMAS Hey وده‎ te wwnlor wit ned» bejon sue (oat srhaluguos Å 
Và s'yebetsl vd دهد‎ dado dile beregeo zg ኮ05::.ጸሴጋፒህ5 ald gated 
iI» (omit oy weme quod Lev tothe agrado To sct41oq) ህሕፔይፀ2ና28 8ሀ2 نافسع‎ 
دا لهم‎ alanlentsele yl betétmsoatt et [Ivo edi awor? tesa une est 
etal bewrotese-J weed aad ORT våt [la eval? ,stylcutsele edi do teow 
> nest ol welt dweriso aet solgacoem tedio os at oter? OO ban ٩ 
mi vmvs 26) obertsale dose da ema to ۵۵٥٥/١٩۷ دم ده ههغه مصف «ودا‎ 
87” ይበፍመሕፒኛ6 ይይይ دغه لته ومو‎ II , ፲፲ወ5 edi دوع هچ‎ utielztenin Yo هې‎ 
wretemtines otdwo 81۲ ههه«‎ 29582:65 52- 229ና፳0 diøew mas و وود تست‎ 
016 59%. ,,6%ል65 56 ጊህ፳-ፀግሓዊቹይ ፒፔክጥፍ set DS dm omtrie bedeuten adi Yo 
-biamo oiáso KÁN droda sav hedsolles i^» Yo etlpier alf ¡cevowod woforeupeti 
Lipow afsimsüostioe l2)  .omiav bafoegre erl} to ۳٣۵ هوم چو ووو ههد‎ 
I assier odè madè (i otupaiV (XD saw voaeloit(e fzéctss e£ feni wea 
amor oil io pen tac ri notans [gre yino 4) 1908-0164 zeg 20% 
zin lo eli? mort yoltmoxe (Usted هخ ود‎ oj52 boniduooci vved mevro Des 
wimg beoskeig P e^| 1c ee fadi badøisnon sez/ (ofeyliseyni +d? ergi 
۸ To wmolov ef eene tead? vojar ecldgeori oe ld edi ed 
um "ei te soli £ osit ov botsel leo 

adi Yo dues pade siy lo solfelemos ONO Rodeos PES saltið (1) 
eg To ፔቆህድ së kLeevíosteele (eer eft bas spielt edi distimeb tnetiwe 
LC LP 

Monet "mECYvO hae mehecUud Deodhewo qilesiKyoeejosfe ef? to Zuse (5) 









نه 
> 
3 
TA i 4 ፣‏ 
و هد | ar st en‏ 
Fe $.8 8‏ 
as | | cus $‏ 
Q o 7 | mh of ha‏ * 
3 و ره i‏ ! نه n S‏ 
P E‏ ]| | ` م > 
We 7 | ‘ | c5 ይ‏ 
8 | | 
1 0 6 
| 
a ዩ‏ 
e 0‏ 
2 | 5 
o‏ | 3 
ሩ4‏ 
ደ | ^‏ 
i | > D‏ 
o a‏ | 
> 
4i‏ | 
| 
: || 
| 
| 
۱ | 
^24 | 
^ 5 
7 | | 
ነ‏ | | 
l ‘‏ 5 
p‏ | 
E 1‏ 2 مه 
Inou-449^ Jed 52926712022 4 ayang d ) ik | L T | we |‏ 
ን ርን‏ 5 18۰ چک * Mens a WI‏ — 
Sep ۱ 8 u E - - mt! | ~ m ፳ "rt IP H A7 e, * Y ^‏ - 
n - 11۱1۱۰ ١ =‏ يواد e‏ - 5 و SEN P -— Te " 1 vd‏ | == 
S D "de Stile are APPO pa ep e iS. E | bd‏ 
— — — 








መር. 


Time Indices 
versus 
Frequency 


Figure 10-B 











Cycles per second, 





Watt-hours 





. 





23 


— i ` 


— — — - — — rwr rv ማቼ ወ r — e ባሻ: ወሎ” —— —— 7 ——Á ውብ — 
, 4 P4 + i 4 + ...tt. 7 tj Å +e 1 | | ቆ i 4 1 ١ ۵ i ۰ ና د‎ 
+ 1 ¢ % - 1 1 ۱ 


Efficiencies 
versus 
Frequency 


| Figure 10-C 
100 


Ampere-hour 
92 P 






ነ 
=> 


© بوړږډد ده د ديل د د مغ së: 9 å‏ هه eb‏ 9 د ده . همم وه لود ተቀ ۰ ቅ ፍቅ ፥ $ * 4 | dd‏ بچه ه + nr‏ هوه همل ووو ېړ د.د Bump vorm x -+ rr o 9 + zt‏ 


80 


4 1 Watt-hour 





© 00. » ቁ ቁግጭቀግጭው — e ke AA Aë 
TO — — — — — — — — — ` و‎ — መጭ፦ን 0 — 8 ووس‎ - 
مها‎ +e. ه‎ è o مده موه وم . © دج‎ boy 4 t e sw ang A 5 A ev = e eae tt TEY 4 ۹۹ 04 + e + - ብ. 5 ፋ مه‎ A وه‎ > 8 


6 


9 ጋሪሪ 2 3 4 3 6 7.8940 é 4 5 6 7 89/00 : 4 
Cycles per second. 


Percent 








29 


53 
as 
S 
٩ 
$ 
de mean! 
A ] 1 
A Jg p 
Åh | ۱ 
* 
da 
d 
| 
Gas Volume per Ampere-hour | 
of Surcharge. 
Figure 11 
M. X 726 MEE —— X 00.3 4 ب‎ 


- /*Y 
678940 e 


Cycles per second. 


D 


8340 


500 


450 


S 
S 


Cubic centimeters 








bined into water and part escaped, The relative effect of these two phenomena 
was not determined, tut it was concluded that both occurred to some extent, 

fhe lack of reproducibility of indices of performance prevented giving 
an exact quantitative answer to the question, "How dees battery performance 
vary with frequency of current pulsation?” It was obvious, however, that 
pulsating cherges improved most indices of performance, particularly at 
low frequencies on the order of ene cycle per second, Figure 10 shows 
graphically the values of the most important indices, The dashed lines in 
each graph represent the respective means of the steady current control runs, 
while the dotedash lines on either side represent the 290% confidence limits 
for this mean, That is, the probability is 0.9 that the true value of the 
index lies between the dot-dash lines, A straight line was fitted to the 
points for pulsating current as the best estimate of the true situation, 
Confidence limits in the form of a shaded area centered on this line could 
have been plotted, but the commtation is se tedione and the added informe 
tion so little that this work was not undertaken, In general, the width of 
this band would be several times that of the control run confidence band, 
Quentitative statements being out of order, the following qualitative con- 
elusions were reached for the various indices of performance: 

Time: Possibly a slight improvement at the lower frequencies, 

Ampere-hours: Possibly a slight improvement at the lower frequencies, 

Wett-hours: Slight improvement at the lower frequencies, 

Gas evolved: Definite improvement at the lower frequencies; little 


or none above 100 cycles per second, 
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Gas per ampere-hour and per watt-hour: Decided improvement at all 


frequensies tested, greatest at the lower frequencies, 
Efficiencies: Slight improvement at the lower frequencies, 
Da summary, the greatest benefits were noted in gas svolution, with slight 


improvement in other indices, 
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OMAPTER 17 


DISCUSSION AF RESULTS 


According to the double mlfate theory, the ronation ín a lead acid 
sell 41 

2 Pb30, + 2829 .-- FDO, + Fb + ,و290‎ 
Daring charge the reaction goes from left to right, According to Vinal 
(12, page 171 | the coll terminal voltage is: 


V= Ir + 1.87 4 لع‎ LO] 
2 i 


4+ 2 
L?e**] where 


۳ 
d 


current 


yg 93 26 3 
ዛ 


cell internal resistance (virtual ) 


universal gas constant 
absolute temperature, Rankine, 
- leraday!'s constant 

179 ۰" (- concentration of tetravalent lead ions 

Gw = eoncentration of bivalent lead ions. 
It ean be shown that the concentration of the tetravalent lon incrersen 
and that of the bivalent fon decreases ae the charge vroseeds, the volt. 
age thas increasing, Cell temperature tendes to rise becmse of {r heat. 
ing at well as beceuse of the heat of thie exothermic reaction, and cell 
voltage is further inereesed, 

Mectrolyaia of water occurs nt a voltage which varies linearly with 


tesmorature, Ae shown in Figure ኩ፤ above, the vaiue ie 2.38 volts at ۳ 
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and decreases as temperature increases, This voltege 18 883117 6 
when about 90$ of the ampere-hours discharged have been replaced. By 
this time the desulfating reaction, which proceeds into the plates Layer 
by layer, hes reached almost the mid-plane of the pistes, When electroly- 
sis begins, the gas is thus formed in the midst of the active material of 
the plates, Until all the lead sulfate has been decomposed, part of the 
current goes into the charging reaction and part goes into electrolysis, 
When all sulfate has been decomposed, the charge is complete and all 
further current must cause electrolysis, The escape of the resulting 
hydrogen and oxygen bubbles is called gassing, These bubbles must escape 
through the pores of the active material, In doing so, especially at a 
high rate and st a high temperature, they loosen particles of active mats- 
rial which tend to "shed" or drop to the bottom of the cell as sediment, 
The capacity of the cell is proportionally reduced, and when the sediment 
pile grows high enough it may short circuit the plates, The mixture of 
hydrogen and oxygen creates an explosion hazard, As the bubbles leave 
the cell they entrain particles of electrolyte which lower cell capacity 
and corrode ventilation ducting, The energy which goes into electrolysis 
causes a drop in efficiency, In short, except for mixing the electrolyte, 
gassing performs no useful purpose aná should be minimized, Reduction of 
gassing leads to safer, more economical operation and longer cell life, 
Dacos E page 15) explains the reduction of gessing which he ob- 


tained as follows: 
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.... this reduction in volume of gas comes from the feet that 

during a charge under pulsating voltsge, the voltage is, dur- 

ing a fraction O of a half-period, greater than the equiva~ 

lent mean steady current, and during the rest of the half ver. 

lod, smaller, Bat, during the latter interval of time, gaz 

stops being evolved while the voltage of decomposition (of water} 

is not reached, and the ions which have just reached the react— 

ing strate of the active material enter into chemical reaction 

with the lead sulfate, 
Since he investigated only one frequency, Dacos did not consider the effect 
of changing the duration of his "fraction ©", There is no obvious reason 
why a long non-gassing period should cause more reaction then several short 
non-gassing periods, elthough the higher ampere-hour efficiencies noted at 
low frequencies euggert that this is the case, Solution of this cuestion 
would require a study using physical chemistry methods, Some of the سلو‎ - 
vious factors are geometry of the plates, porosity of the active material, 
temperature, specific gravity, and viscosity of the electrolyte, velocity 


of ions and ges bubbles, pressure, and current density, In Dacos’ opinion, 


The behavior of the cell depends essentially on the phenomenon 
of diffusion, 


An investigation of this nature was out of the scope of the experiment, 
Vinal's voltage equation, together with the observed variation of 
voltage ripple, sheds some light on the matter, A stop increase of charg- 

ing current from O to 4,8 amperes did not produce a sten change in cell 
voltage, as seen in Figures 6 and 9, With the current level at a constant 
4.8 amperes, the voltage gradually approached a maximum, The change in 
voltage must have been due to a change in one or more of the quantities r, 
T, and ionic concentrations, It is known that r is not constant and is a 


function at least of current and condition of charge, In fact Vinal 
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[ 12, page 34 ] states that cell resistance is only a quantity which must 


_Nearı 
be added to Rorterna] ٥ satisfy the equations dcm 





Furthermore he states that the ionic concentrations cannot be measured di- 
rectly, T could hardly be considered to vary significantly under a current 
pulsing es rapidly as once or twice a second, Therefore the variations in 
performance might be linked to variations in cell resistance or ionic con- 
centrations, One difficulty with this hypothesis is the constancy of volt- 
age ripple above 2 cycles, Battery performance was not constant over this 
range, 

Although voltage ripple was not measured at frequencies below 0,2 Cy- 
cles per second, it is possible to predict that it will approach a meximn 
on the order of 0,25 for frequencies on the order of 20 minutes per cyole 
for a square wave of 10 minutes at 4,8 amperes and 10 mimtes at zero cur- 
rent. This value was computed by noting that the voltage of a fully charged 
cell drops from about 2,8 to about 2,2 volts within 10 mimtes after a 
charging current of 4,8 amperes is open-cireuited, If performance is best 
at highest voltage ripple, the optimum freqency would then be on the order 
of 20 to 30 minutes per cycle, (fhe electroplating industry uses "PR" ey. 
cles on tho order of 15 seconds plate and 5 seconds deplate,) A miniman 
practical frequency would be set by excessive shedding thet would prob 
ably be caueed if peak current were maintained for e matter of mimites, 
even if followed by an open circuit period of equal duration, For example, 
the prescribed finishing rate for the Willard ER~24~2 cell is 2,4 amperes, 
Suppose that a “pulsating” current of 4.8 amperes for 30 minutes followed 


by open circuit for 30 minutes, etc., were used for the finishing rate, 
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Although the average current would be 2,4 amperes, excessive passing would 
undoubtedly occur during the 30 minute "on" period with loss of active 
material through shedding, The same considerations would prohibit a pulse 
shape such as 24 amperes for one second followed by open circuit for 9 
seconds, Although average current would be 2.4 amperes, excessive gassing 
and shedding would again result, Cell life could probably be reckoned in 
pulses rather than in months, For optimum results, three conflicting re- 
quirements evidently must be balanced: 

(1) a lerge voltage ripple; 

(2) a period long enough to produce a large ripple but notso long as 
to produce damaging gassing; and 

(3) not too high a pesk current, 

An educated guess is that the best frequency would be in the vicinity of 
0.01 cycles per second (period of 100 seconds), 

Dacos did not observe recombination of hydrogen and oxygen during the 
gassing period; he collected almost exactly the volume predicted by Fara- 
day's Laws, In the present experiment only 62% of the predicted volume 
was actually collected; the other 38% recombined into water before escap- 
ing from the electrolyte, The Willard non—spill cella contained highly 
absorbent separators which undoubtedly affected the rate of diffusion and 
gas escape, Dacos! cells, 42 ampere-hour Tudor type BYM 3, probably con- 
tained conventional separators which left a considerable volume of electro- 
lyte unabsorbed, Recombination of the gas can possibly be related to this 


difference in conetruction, 
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Since Dacos observed no recombination, his reduction of gassing mest 
have been due entirely to reducing electrolysis, The present experiment 
demons trated the reverse; ampere-hour efficiency was only slightly improv- 
ed by pulsing; hence electrolysis was only slightly diminished, The main 
emise of reduction in gassing mst then hevre been the reaction of hydro- 
gen and oxygen to form water, This reection would not be explosive if it 
proceeded continuously, since it could then liberate energy at no higher 
rete then it was supplied, about 6 watts, An explosion would result, how- 
ever, if the ges collected for, say, 10 minutes recombined, It would liber- 
ate energy on the erder of 6 x 600 = 3600 watt-seconds, If it were a chain 
reaction eccurring in 0,01 seconds, the rate of energy release would be 
3600 2 0,01= 360,000 watts or 360 kilowatts, 

It is net surprising that recombination occurs; one type of primary 
cell utilizes the same reaction (H, -t 40> —» 9,0) to prevent polarization 
of the cathode, Vinel far, page 216 ££, discusses the reaction at length 
and points out that the actual reaction is not so simple as shown above, 
but actually involves several intermediate reactions, 

Ås the experiment proceeded it became evident that statistical methods 
would be necessary to arrive at valid conclusions from the observed data, 

A comparison of the first four steady current control runs (step C cf the 
experimental program) showed & disappointing lack of reproducibility of 
results, Two of these four runs were under suspicion, however, In run 
number 6, the cathstometer telescope was inadvertently moved during the 


gassing period and the height of gas in the collecting bottles was there- 
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fore not accurately measurable, An estimate was made, and the gas evolu- 
tion computed subject to later acceptance, There was no reason to suspect 
the duration of charge, smpere-houre, watt-hours, or efficiencies, since 
the variables involved in these quantities were accurately measured, 

Ran number 12 was also suspected because ths cell voltages on dis- 
charge dropped below the low voltage level for that rate, The charging 
portion of the cycle was completed, nevertheless, and the indices of per- 
formance computed, As anticipated, some of the indices differed consider- 


ably from thoss obtained previously, 


At this point the investigators considered the advisability of nsglect- 


ing the dubious results computed in cycles 6 and 12, Since their omissien 


would tend to accentuate the difference between pulsating and steady current 


performance, the investigators approached the decision with conflicting e- 


motions, On the one hand, there was excellent reason to believe the data to 


be extraneous, On the other hand, neglecting them would open the investi- 


gators to the charge of shutting their eyes to those data which did not con- 


firm their theory, They consequently deferred a decision until a third 
series of cycles could be run, Unfortunately time did not permit the run- 
ning of a number of cycles identical to the previous control runs, Instead 
they conducted 5 similar cycles in which the batteries were discharged at 
the same rate as before but for a shorter time, 10 mimites instead of 48 
minutes, The cells were then charged with a constant, steady current of 
2.4 amperee, Data were collected in the same way as before, The means 
and standard deviations of the various indices of performance ware cos- 


puted, 
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The assumption seemed rersonable that the second set of control runs 
should show the sne sprosd of ¿nta ne the first set, For exemole, if 
enzere-hour effleieneies for the second run fell between COS and gf. 
they could be expected to feli within a siíisilar range for the first run, 
In statistical terminology, it vas assumed that the first set of runs com 
prised na sesape from a population having a certain mean and standard devi- 
ation, The second set of runs were aseumed to comprise a semple of a 86ር- 
end population having a different mean but the seme stendard deviation, 

8681 [6] ana virks [13], im their dtscussionsof small semple teth- 
niques, describe a test fer the compatibility of variances, It involves 
the "F* distribution tabulated by Fisher and Yates & table Y] . Briefly, 
the investigeters followed this procedure: 

l. The first two steady current control runs, numbers 1 and 7, vere 
essumed to de random samples from normally distributed vorulation Å having 
morn ja, ond stenderd deviation Ga 1 the second set of five, from normally 
distributed population Å having meen Ae and standard deviation Tg- 

2. It wes assumed that A 4 4, mut CA 7 Ng. 

3, An hypothesis E was then made that the dubious runs, nambere 6 
and 12, alec came fron population A, 

Y, Under hypothesis H, the standard deviation 8, of the firet four 
control runs should be compatible with the standard deviation Øy of the 
second five runs, This hypothesis was tested by forming the ratio 
۲ کم‎ Mp) ۰ where n = the number af observetions (runs) 20% 


5 )۸-( 
prising the sammle, The F distribution ylelde the probabilltr that P 
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will szeoed any given munber, Entry inte Fisher's tables shown that, under 
hypothesis H, tbe probability that Pzh,T7T5 is only 0,06. Yoting that F> 
4,75 for the indices t, V, V/ af and W/ y, one rejected tbe hypothesis H in 
their cases, but accepted it for 4, مملا‎ "۵ Ay. In other words, the 
volumes data for rune 6 and 12 wae rejected because of experimental error, 

5, Volume data for runs 6 and 12 vere rejected, and now standard dew 
viations 5) computed for Y, V/ar, end T/yp, Thin nov value 5, was found 
to be compatible with Se, 

6. wen when tines for runs 6 and 12 were neglected, the stendard de~ 
viatlons of tina proved incompatible, Since the curve of uration ve, freo- 
queney showed no eignificent variations, mo further statietieal analysis of 
this variable was made, 

These computations are tabulated in Tigare 12, The mesnsteady DC values 
plotted in Figure 10 represent, for time, amoere-heurs, and efficiences, 
the results of al] four control runs, For volume evolved, volume per 
mapere-hour, and volumes per wattehour they represent the mean only of 
rans i and 7, 

The confidence limits for the menns were computed by Student's dis- 
tritation ae described in Wilke [23] ለሕሷ 8661 [6.1..- An unbiased estimate 
of statiard deviation waa based on compatible data from the tvo sets of 
control rane, 

A delated review of Dagos’ conclusions showed that lask of Terreiue- 


ibility night heya heen inferred from his statement that, (3, pags 17 | 


In thie test, teken at rendom from mmong very nuasrons ob- 
servations ,.... there is a benefit of 25% in favor of pnl- 
entins current, Recall thet the mean of all the tests wes 
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FIGURE 12.  COWPALISBILITY OF VanlAHNC-;S 








Dacos made no explicit mention, however, of difficulty with spread of ro- 
sults, nor did Vinsl's chapter on Tests [ 12, Chapter 3 ] warn of this 
pitfall, Only after considerable grief did the investigators discover 
what Decos had implied: that a few large samples would have been prefer- 


able to a mmber of small samples, 
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CHAPTER Y 


SUGGESTIONS FOR FURTHER INVESTIGATIONS 


This experiment raised more questions in the minds of the investi- 
gators then it answered, In the first place, it failed to prove precise- 
ly which pulsing frequency and shape produce optimum performance; this 
basic question remains to be solved, It did reveal, however, other ques- 
tions which must be answered before the solution can be found, It alse 
emphasized related problems and suggested techniques which cen simplify 
and improve experiments with storage batteries, Some of these points are 
discussed briefly in three categories: 

A, Questions whose answers are essential to a solution of the basic 
question, 

B, Questions allied to the basic question, 

C, Experimental techniques, 

By the "basic question" ås meant, "How does battery performance vary with 
frequency and shape of current pulses?!" The discussions below merely high- 
light the points raised; they are presented as raw observations to be eval- 
ulated, ignored, or disproved by subsequent investigators, 
A 

Questions whese answers are essential to the solution of the basic question, 

1. is storage cell performance truly reproducible experimental. 
ly? That is, can all the variables be controlled and/or measured so that 
identical results can be produced by neinteining identical conditions? 


What variables are most important? 
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2. If not, is cell performance a chance variable? If it is a 
chance variable, is it normally distributed, or does it follow some other 
distribution? How many times must a given run be repeated to determine 
the true mean value of a particular index of performance? If the ampere- 
hour efficiency is determined, say 10 times, can we confidently say that 
the mean of this ten-fold sample squals the population mean? 

3. What wave shape produces optimum performances? Is it a 
square wave, half sine wave, full-rectified sine wave, or pulsed field 
wave? What is the optimum duty cycle? (ratio of current-on time to cur- 
rent-off time), 

Y, Would periodic reversal of charging current improve perform- 
ence as it has improved electroplating quality? 

5. What is the optimum pulse frequency for any given cell? 

6, Does pulsing produce beneficial results on cells of all 
sizes and constructions! 

B 
Questions allied to the basic question, 

1, Does pulsed current produce less electrolysis, or does it 
merely ceuse more of the electrolytically generated hydrogen and oxygen 
to recombine? If the first answer is "yes", ampere-hour efficiencies 
should be incressed. If the second answer is "yes", the volume of escap- 
ing gas should be less, while ampere~hour efficiencies would remain un- 
chenged, 

2. Can indices of performance be related analytically to pulse 


ehape and frequency, possibly by transient analysis! 
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3. 32 a test cell consisting of two plates, widely separated, 
were charged with pulsating current snd the gas from the respective plates 
collected separately, would performance be improved? 

Y. Is “shedding” of active material a function of total gas form 
ed or only of that fraction of the gas which escapes without recombining in- 


to water? 


{a 


Experimental techniques, 

l. The use of recording instruments, either in addition to or in 
lieu of indicating instruments, would simplify the problems of recording 
data, computing results, and regulating charging current, Zeterline Angus 
recording millismmeters could be connected to measure cell voltages and 
charging current, Several advantages would be: 

ይ. Continuous date record, rather than only a periodic 
record, This feature would allow closer determination of the time of ond 
of charge than would the constancy of two successive readings separated by 
& tino interval, 

b, Elimination of time-consuming reading and logging, 

c, Mick computation of time-average values, such as volt- 
ages, by planimeter, and quick and accurate determination of time retes, 

d. Elimination of need for extremely accurate current regue 
lation, In the present experiment, current had to be maintained exactly 
constant to permit accurate determination of ampere-hours as the product 


of current and time, If ampere-hours could be determined by planimeter, 
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slight variations in current would be permissible, 

e. The higher inertia of recording instruments would give them 
a better integrating characteristic than indicating instruments, The bal- 
listic galvanometer for current metering might prove unnecessary, 

2, Since individuel cell performances for a given cycle were aver- 
aged, time could be saved by metering battery voltage and gas rather thm 
individual cell values, In this way a large number of cells could be used, 
rather than only three, and more reproducible mean data might result, 

3, The development of a recording device for volume of evolved gas 
would facilitate data cellection, 

Y. Most important of all, a number of observations should be made at 
each frequency at which performance is to be determined accurately, Stu- 
dent's distribution shows that the confidence limits for a population para- 
meter are narrowed as the number of observations is increased, qualitative- 
ly this mesns that the average of the observed data for a number of runs 
approaches the true value as the number of runs approaches infinity, Note 
that the number of observations can be increased either by repeating runs 
or by connecting more cells in series, 

5. Bearing in mind the perversity of storage batteries in failing to 
behave reproducibly, the investigator should heed Hoel's werning: | 6. page 215] 

Too many experimenters do not seem to appreciate the obvious 

injunction that the time to design [statistically] ari experi- 

ment is before the experiment is begun. 

A study of Hoel's Chapter XII on "Statistical Design in Experiments" should 


assist in planning a valid and efficient experiment, 
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CHAPTER VI 


CONCIUSION 


The experiment, while it failed to produce the mantitative results 
hoped for, demonstrated qualitatively that battery performance is in- 
proved by charging with pulsating current, For the Willard 318-2 cell 
a frequency on the order of 0,5 to 1 cycle per second produced deest re- 
sults within the frequency range covered, Further investigation, utilis 
ing the tools of statistics, Is necessary to determine the reason for this 
improvement and to determine optimum pulse shave and freovency for this 
and other celle, There is reason to believe that low frequencies are 
superior to high frequencies, The investigators consider their time and 
efforts justified since their results not only suoplement the meager know- 


ledge about pulse-charging but also point the way for future study, 
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APPENDIX A 


EXPERIMENTAL SETUP 


The experimental setup wes designed to (1) permit close control of 
charge and discharge currents, and to provide & choice of currente for 
charging; (2) provide for metering or measuring charge and discharge cur- 
rents, time of charge and diecharge, and individual cell voltages, temper- 
atures, and gas evolved; (3) provide protection against accidental "re. 
verse current" discherge of the cells; and (4) provide a stable power sup- 
ply, arranged for a minimum of interruptions or disturbances to the primary 
power source, A brief explanation of each of these provisions will indi- 
cate the methods end principles involved and will provide a clear picture 
of the overall setup, In the interests of completeness, a block disgren 
with descriptions, and an overall circuit diagram are included, 

1, Current control, 

Since empere-hour meters were unavailable, constancy of current, 
on both charge and discharge, was essential to the outcome of the experiment, 
Regulation of charging current was accomplished by the use of automatic, 
thermal type, variable resistance, "constant current" ballast tubes Amper- 
ite type À-10, Charactsristics of these tubes are shown in Figura 13, 
These tubes are designed to hold current constant to t 2, Supplementery 
rheostats were provided for very fine control, permitting excellent over- 
all maintenance of constant current, 

On discharge, the voltage of the battery alone was beiow ths min- 


imm operating voltage of the Amperite ballast tubes, so that discharge 
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current was necessarily controlled by rheostats only, Adequate control 
of discharge current was realized, hut the rheestats required مسب‎ 
manipulation by the operator in order to maintain conztant current, 
Constant current requirements fer charging included (a) a 
starting rate source of 6 amperes steady direct current, and for the fin- 
ishing rate, (d) 2.4 amperes steady direct current, or (c) 2.4 amperes 
(average) pulsating direct current of square waveshape, at 4.8 amperes 
peak velue, at frequencies from 0,5 to & cps, obtained from e motor 
driven, cam operated timer switch, or (d) 2.4 amperes pulsating direct 
current obtained through a half wave rectifier bank from an alternator, 
at frequencies frem 20 to 400 ops. Of this last item, it may be said 
that weveshape was beyond control, since the investigators were obliged 
to use whatever sundry alternators that were available for this wide renge 
of frequencies, but in any case, current was maintained at the proper av- 
erage value, 
2, Mensuration 
The problem of metering appeared to be quite difficult at first, 
especially at pulsing rates below about HO cps, where ordinary d'Arsonval 
movements tended to follow the current excursions rather closely, sc rend 
ering them useless for "average current" indications, In the case of ur- 
rent metering, when the motor driven timer switch was used, it was alse 
necessary tc consider that, although the “on” current value might be pre= 
cisely 4.8 amperes, the "on" and "off" times very probably were not exact- 
ly ecual*, so that the average current could not be assumed to be precise- 


*This assertion was later bornes out by a graphical recording of waveshape 
on å "Brush" recorder, 
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ly 2,4 emperes, Thus, a meter which would average, or integrate, vas re- 
quired, and e long period, ballistic galvanometer, connected to a very low 
resistance shunt, provided the solution, The low resistance shunt caused 
the instrument to be highly overdamped, thus adding to its integrating سه‎ 
bility, An instant acting relay arrangement was provided, whereby the 
galvenometer and its associated shunt could be switched into either the 
battery charging circuit, or into a constant current reference circuit, 
maintained accurately at 2,40 amperes, for purposes of zero-setting and 
comparison, 

When charging with steady direct current, or with rectified al- 
ternating current at frequencies of 40 eps and higher, ordinary å'Arsonval 
type ammeters wers used, and provided satisfactory current indications, It 
is noteworthy that the precision of every electrical meter reading which 
might directly influence the quantitative experimental results was enhanced 
by the use of magnifying glasses placed over the meter scales, 

Voltages were read to three decimals with a 0-3 volt scalo volt- 
meter, provided with a switch for selecting any one cell voltage, To pre- 
vent the voltmeter pointer following the "voltage fluctuation" across the 
cells, during pulsing at rates below HO cpa, which would result in ineccu- 
rate voltage readings, a switching arrangement was provided so that the 
cells could be switched to a steady direct current cherging source at 2,4 
emperes for the duration of the meter readings, 

While it is realized that voltages read to three decimale with 


an ordinary d'Arsonval voltmeter movement would be subject to suspicion 
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as to the absolute accuracy of the third decimal, velues were nevertheless 
read as closely as possible, with the aid of the mamifying glass placed 
over the scale, The prime purpose of the voltage rsadines was to Ascer- 
tain the point of completion of chargo, based on the fact that voltage 
across tbe cell rerches a maximum at the and of charge and thereafter de- 
ereases slightly, Thus, even though the absolute magnitude of voltage 

may have been slightly in error, the method used enabled the operator to 
determine quite closely the end-of-chargs point, inasamch as the previous- 
ly mentioned voltags decrease was easily discernible, It is well to note 
that a “set of voltage readings”, as taken periodically during the finish- 
ing rate charge, consisted of three separste readings, one for each cell, 
In switching the voltmeter from cell to cell, ite pointer momentarily 
swang toward zere, during the switching period, so that for sach cell volt- 
age reading,. the pointer always approached its stesdy state position from 
the same direction, Any lost motion was therefore always in the some dí. 
rection, 

Time was reckoned by an electric timer connected to be energized 
&utomaticslly whenever the cells were connected to either the charge or 
discharge círcuit, 

Temperature of each cell was obtained by means of a Fahrenheit 
thermometer sealed into the filling cap, with the thermomoter tulb im- 
mersed in the cell electrolyte, 

Temperature of the evolved gas was obtained with a Centigrade 


thermometer inserted inte the gas collecting vessel of ons cell, by way 
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of a pilot or sample temperature determination, The investigators felt 
that elimination of thermometers in the other two gas collecting vessels 
was Justified, since the three vessels were grouped closely together, and 
therefore subject to essentially the same changes in ambient temperature, 
which proved to be the major factor in determining gas temperature, Pur- 
ther, the two investigators were required to make 1] reedings within the 
space of about 30 seconds every 6 mimutes, so that elimination of all un- 
necessary readings was highly desirable, 

Evolved gas from each cell displaced an equivalent volume of 
water from a calibrated glass veasel, The level of the remaining water 
in each vessel was accurately determined periodically with a cathetometer, 

3. Reverse Current Protection 

Inclusion of this device in the charging circuit was necessary to 
prevent accidental discharge of the cells through the generator armature, 
in the event of a power failure, The reverse current relay (Figure 114) 
was connected to be normally energized, through a disc rectifier; ths, 
the relay was energized only when current was flowing in the proper (charg- 
ing) direction, Voltage to operate this relay was obtained from the IR drop 
across a resistance in series with the charging circuit, If, for any reason, 
the cells commenced to discharge through the charging circuit, the rectifier 
prevented current flow through the relay coil and caused the contacts to 
drop out, Deenergization of this relay 513531 528012517 opened the cell cir- 
ouit, stopped the electric timer clock, end shut down the motor-senerator 


set, after which manual resetting was necessary, 
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Figure 14, Reverse current relay detail. 








4, Power Supply 

In order to insure a minimum of interruptions or disturbances 
to the charging current and auxiliary apparatus (clock, motor driven timer 
switch, 612, ), a primary power source of high capacity wes desired, The 
system used wes the largest capacity system available in the laboratory, 
viz., the 230 volts, 3 phase, a, c, distribution system, A transformer 
provided 115 volts, single phase, where needed, An oversized motor-cen— 
erator set vrovided a steble source of charging current, This source suf- 
ficed for both the steady charging currents and the 0,5 to 5 cps mulsating 
direct current for charging, Alternating current for charging, from 20 to 
100 cps, was supplied by e motor driven alternator, with the motor connect— 
ed to a "Ward-Leonard” generator system for speed control, 400 eng alter- 
nating current was obtained from a 1,8 KVA voltage regulated, motor driven, 
lOO eps alternator, 

5, Detailed Description of Componente 

The overall provisions of the experimertal setup have been set 
forth above, followsi by several explanatory paragraphs on the salient 
features of the apparatus, A detailed, functional description of compon- 
ent parts follows, 

Referring to Figure 15, note thet three basic arrangements of the 
apparatus were required, Figure 15A shows the arrangement where only steady 
direct current was required for charging, This arrangement was employed for 
the starting rate charge during every cycle, and for the finishing rate 


charge during the control cycles (q.v.), and was the basic arrangement, to 
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which modifications were made as necessery for pulsating charges, as shown 
in Figure 159B and C, 

The generator was a 2 KW, 32 volt, 62.5 empere machine, driven by 
a 15 HP induction motor, and sufficient in capacity to shew negligible rogue 
lation under the relatively light cherging load, Some ripple of 5U0 eps was 
discernible 1i» the output of this machine, but the vercentage of ripple volt- 
age was negligibly small, 

Two parellel connected rhesostats were employed, supplementary to 
the current regulating ballast tubes, as previously described, 4546 
velnes were l ohms and 25 ohms, the former serving as a coarse control, the 
latter as a fina control, 

The voltmeter arrangement for metering individual cell voltages 
was described above, Switch details are shown 28 Figure 16, Separate leads 
were run from the terminals of this switch direct to the actual terminais 
of each ceil, rather than to the “battery” terminals, to elíminste any 1R 
drop inherent ín the latter terminalis, by virtue of their carrying either 
charge or discharge current, 

The reverse current protective device end the bank of Amperite cure 
rent regulating tubes were previously described in this appendix, Of the 
Amperite ballast tubes it is worth saying that they were procured in three 
sizes, viz,, 2-A-10, 5-A-10, and 9-A-10, having nominal current ratings of 
0,2, 0,5, end 0.9 amperes, respectively, Suitable combinstiens of there 
tubes in parallel gave the various desired charging current values, 


In Figure 15B, the gelvanometer current metering circuit, & cur- 
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rent selector switch, a motor driven, cam operated pulser, or timer switch, 
an additional bank of Amperite tubes, and additional rheostats have been 
added, 

The galvenomster circuit detail is shown in Figure 17, The galo 
vanometer and its purpose have been described earlier, The associated ree 
lay was controlled from the galvanometer position, and permitted ewitching 
of the galvanometer from the cell charging circuit to the reference current 
circuit, while maintaining continuity of these circuits, The reference cur- 
rent circuit consisted of a source of direct current st 250 volts (obtained 
from a 5 KW generator, tandem coupled to the main induction motor and 32 
volt generator set), a 2,4 ampere bank of Amperite tubes, a 0-3 ampere 2m- 
meter, two parallel connected rheostate of about 25 ohms each, and suffi- 
cient series resistors to limit the current to the desired value, Current 
in this circuit was maintained at 2,4 amperes, The galvanometer scale was 
not calibrated in amperes, Rather, the pointer was set to give zero ĝo- 
flection when the galvanometer was connected in the reference current cir- 
cuit; then the galvanometer was ewitched into the charging circuit, and 
charging current adjusted to again give zero deflection, corresponding te 
2,4 amperes average current, 

The current selector switch, shown in detail in Figure 19, enabled 
the operator, in ons switching operation, to choose 2,4 amperes of (1) 
steady current, or (2) pulsating current, at a frequency generated by end 
preset in the motor driven timer switch, The purpose of the steady curo 
rent source was deseribed under "Mensuration", 

The heart of the low frequency, pulsating current generating ¿se 


vice was the motor driven, cam operated timer switch shown in Figure 19, 
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Figure 17. Galvanometer circuit detail. 
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Current selector switch detail. 
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Figure 18. 
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Figure 19. 
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Comprising this was a freetional horsepower induction motor driving a 
simple cam through a variable ratio gear train, The cam actuated a micro- 
switch once during each revolution, The microswitch in turn energized the 
coil of a locking type stepping relay, with single pole, double throw con- 
tects, The stepping relay construction was such that ite contacts threw 
to one position or the other with each energization of the coil, and re- 
mained locked in that position until a subsequent energization of the coil, 
In one position the circuit to the cells was completed through the 4,8 
ampere Amperite bank, In the other, the cell circuit was epened, and the 
Amperite tubes were switched to a rheostat and ammeter, leading back to 
the generator, Thus, the cells alternately received either 4,8 amperes or 
no current, giving an average current of 2,4 amperes, as required, The 
speed range of the cam permitted a pulsating current frequency range of 
about 0,2 to 5 eps, It was discovered that the stepping relay arrange- 
ment was unsuitable for frequencies above about 2 cps, however, so that 
for the runs at % and 7,8 cps, am additional microswitch and cam were in- 
etalled, the microswitch, with single pole, double throw contacts, being 
substituted circuitewise for the contacte of the stepping relay, The cam 
operated this micreswitch every 180° of rotation, extending the frequency 
range of the device to an upper limit cf about 10 cps, 

The reaistence of en Amperite ballast tube varies with tempera- 
ture in much the same manner as does that of sn ordinary incendescent lamp, 
except thet the thermal time constant of the Amperite tube is longer, Due 
to this thermal cherecteristic of the Amperite tubes, it was found necessary 


to cause the desired value of current to flow through them continuously in 
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order to realize optimum current regulation, Thus, the 4,8 ampere bank 

of Amperite tubes was switched alternately from the cells to the previous- 
ly mentioned rheostat and ammeter circuit back to the generator, the rheo- 
stat being adjusted to give en ammeter reading of 4,8 amperes, so that 4,8 
amperes flowed through these Amperite tubes continuously, Å similar are 
rangement was provided for the 2,4 ampere bank of Amperite tubes, used for 
obtaining steady current for purposes of voltage metering, The current 
selecter switch connected this bank either into the cell circuit, or to a 
rheostat and emmeter circuit returning to the generator, Whenever the 2,4 
ampere circuit was switched to the cells for a voltage reading, the motor 
driven timer switch contacts were short circuited, so that for this posi- 
tion of the current selector switch, the associated 4,8 ampere bank of bal- 
last tubes was continuously connected to its rheostat and ammeter return 
Circuit, independent of the timer switch, 

In Figure 156, the variable frequency alternator, thyratron rec- 
tifier bank, and associated Amperite tube bank have replaced the motor driven 
timer switch of Yigure 15B, with other features remaining essentially the 
same, At fremuencies of 40 cps and greater it was unnecessary to use the 
galvanometer for metering of current, since ordinary d'Arsonval type meters 
gave satisfactory results at these frequencies, Three General Electric type 
F0.05 thyratron tubes connected in parallel were used to half-wave rectify 
the alternator output, No attempt was made to utilize the unique character- 
istics of the thyratron tubes, Indeed, any rectifier of suitable current 
carrying capability would have served the purposs, The one outstanding ado 


vantage of the particular thyratrons employed was their immediate availa 
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bility to the investigators, At the frequencies involved here (20 cps 
and above) it was found unnecessary to consider the thermal delay in- 
herent in the Amperite tudes, and no auriliary switching arrangement was 
provided for ths purpose, 
6, Gas Collecting Apparatus 

The gas collecting apparatus consisted of 3 one gallon, round 
glass jugs, one connected to each cell and, through a pressure equalize 
ing flask, to an over-flow reservoir, by rubber tubing, as shown in Fig- 
ure 20, Gags from a cell displaced an equel volume of water from its as- 
sociated Jug, Pressure within each jug was reduced to atmospheric prior 
to each roading, by matching the water levels of the jug and its equel- 
izing flask, Weight of liquid in the jug was resad to 0,01 om with a 
cathetometar, Cross sectional srens of the jugs were sufficiently linear 
over the operating range to permit the use of a constant term in computing 
volume of water displaced, as, for exemple, 200 cc per cm, Gas volume war 


temperature corrected to 27° ۰ 
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bility to the investigators, At the frequencies involved here (20 eps 
and above) it was found unnecessary to consider the thermal delay in- 
herent in the Amperite tubes, and no auxiliary switching arrangement was 
provided for the purpese, 
6, Gas Collecting Apparatus 

The gas collecting apparatus consisted of 3 one gallon, round 
glass jugs, one connscted to each cell and, through a pressure equaliz- 
ing flask, to an over-flow reservoir, by rubber tubing, as shown in Fig- 
ure 20, Ses from a cell displaced sn equel volume of water from its as- 
sociated jug, Pressure within each jug was reduced to atmospheric prior 
to each roading, by matching the water levels of the jug and its equal- 
izing flask, Weight of liquid in the jug was read to 0,01 om with a 
eathetemeter, Cross sacticnal areas of the jugs were sufficlently linear 
over tho operating range to permit the use of a constant term in computing 
volume of water displaced, as, for example, 200 ec per em, Gas volume was 


temperature corrected to 279 C. 


61 


Ri ويج ته‎ ሰከ) ep (meu ei) سی م‎ 
dl و مستت ن سحت ات بوس مور‎ vem SÅ Sarode سوه‎ 
— VA ON eerie cm ue reat e e ai daret 
wen u "EL birrin 
— .. | 
صس‎ mi oa -— 
TEE. dau der then dene سم له‎ om ,ሙጮጫ sed 
—— RÀ mE 


مه mà es Fabi! desde re‏ لام ګج و و 


x کا منت نی سے باد‎ Ja fate Eir 
وو‎ aid بد‎ ቂጥና? መህ E Str e مهو‎ 
a res | ጩህ 
سي‎ የይኮኒ ዋህ የወ مک ممسمرا نس‎ D 
ن ارو تہ پود ہے و اہ جنس س م چیو‎ 
وا‎ Am mmy مس‎ OE umma m عد‎ vei tuii votis da cmi 
TÅ am T تد دو دوا‎ 
“ae A ۱ 
ii 





pe - 








































4 
— 


= ይጠ E — 


62 


Gas collecting apparatus, 


Figure 20. 
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Figure 22-A. View of setup. 
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Figure 22-b. View of motor driven timer switch. 
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Figure 22-0. View of Amperite banks and motor-generator set. 
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APPENDIX B 


SAMPLE CYCLE ANALYSIS SHEET 


Discharge 
Current (14) - Constant at 15 amperes throughout discharge, 
Mean Voltage (Vna)- Time weighted mean voltage, from voltage readings 


made every 6 minutes throughout discharge. 
- Duration of discharge in hours, 
(Qq) - Product of Ig and tg. 

Product of Ia, Vad and ta. 


Duration (t4) 
Ampere-hours 
Energy (Wa) - 


Charge - Starting Rate 


Current (I,) ~ Constant at 6,02 amperes throughout starting rate 


charge, 

(Yng)- Time weighted mean voltage, from voltese readings 
made every 12 minutes throughout starting rate 
cherge, 

- Duration of starting rate charge in hours, 

(Q_) « Product of Ig and tg. 


$ 
Produet of I, Vas end bee 


Mean Voltage 


Duration (ty) 
Ámpere-hours 
Energy (4) - 


Charge =~ Finishing Rate 


Current (de) - Constant average value throughout finishing rate 


charge, 
("አየ፦ Time weighted mean voltage of finishing rate chargs, 
- Duration of finishing rate charge in hours, 
(Qr) = Product of Ip and ty. 

Pronet of Le, Vag and tr. 


Difference in height in centimeters of water in gas 
collecting vessel at beginning of finishing rate 
charge and end of finishing rate charge, 

Cross sectional area of gas ccllecting veesel in 
goueare centimeters, 

Volume of water displaced from gps collecting vete 

sel during finishing rate cherge - product of A and h, 


Hean Voltage 
Duration (te) 
Arpere-nours 
Energy (We) - 


Height (h) - 


Area (A) - 


Volume (፲፻!) - 


Temperature (2) - Gas temperature at end of finishing rate charge, °°, 


Yt corrected for T to a datum of 27°C, or 300° Kelvin 
(Centigrade, absolute), 
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Volume (Y) - 


MDL 167.484 COT? LI mar 
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Volume of gas per - Qe 
empere-hour cf fin- 
ishing rate charge, 


Volume of gas per - ۷۶ 
wast-hour of finish- 
ing rate charge, 


Total ampere-hours CH la + Y 
of charge. 


Total watt-hours (We) He + ۶ 
of charge, 


Xfficienoy, am. Org) Qa/ e 


pere-hour, 


Efficiency, watt- (Ùy) Wj/W, 
hour 
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APPENDIX C 


RAW DATA 


Laboratory data sheets fer ali cycles are included in this appendix 


in chronological order, Dates, cycle numbers, end frequencies are as 


follows: 
Frequency Cycle Numbers Date 
0.5 8 2/19/53 
1 Alt 3/2/53 
3 AS 3/23/53 
7.8 A11 4/1/53 
20 AS 3/4/53 
ho ልን 2/25/53 
100 A9 3/25/53 
400 A10 3/26/53 
Steady Al 2/18/53 
" A6 3/5/53 
ዘ ል? 3/9/53 
5 A12 4/8/53 
" Bl, B2 4/28/53 
ዘ B3, BY 4/29/53 
a B5 4/30/53 


fhe final data sheet lists the meters and recorders used, 
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